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Abstract 

Disrupting agricultural vehicular automation is imperative for the solutions to 
global as well local challenges in agricultural production system.  

Historically, application of scientific and technological developments through 
increased mechanization and precision farming have provided several 
opportunities for agricultural production in general and within forage handling 
operations. Some promising engineering developments in the 20th century with 
regards to forage handling include forage harvesters, balers, and automated 
wrapping equipment of balers using stretch films of 25μm thick to lower risks of 
dust, molds, spores, mycotoxins respiratory allergenic disorders in livestock and 
humans. Baler machines has made it possible to trade silage (harvest and storage 
of moist grass using fermentation) in portable packages between farms which 
typically weigh 600-800 kg freshly cut per bale and are more popular on smaller 
farms with limited labor and financial resources to construct silos.  
 
Bales made up of hay or silage formed by balers are usually too heavy to be picked 
up by humans alone. Thus, they are picked up from fields using conventional 
utility vehicles such as tractors or loaders operated by a human. These kinds of 
operations are labor intensive and associated with health and accidents risks. There 
is also a potential to further improve the efficiency and environmental impact 
since most decisions are made by humans and thus limited to human labor 
capabilities in terms of load handling, sensing, multitasking, planning, 
consequence analysis etc. One significant contribution could be relieving the 
human operator from tedious driving task and incorporating optimize automated 
planning & driving functionality of field operations such as haybale collection. 
 
The focus of this thesis is to advance the existing autonomy level in agricultural 
vehicles for field operations. This is done by investigating current challenges and 
opportunities with agricultural vehicular automation and potential improvement 
for one of the field operations. Bales collection operation is one of the riskiest 
operations and taken as one case with potential for improvement with automation. 
Study of path planning approaches for bales collection operation in typical fields 
environment shows that optimized solution with concept autonomous articulated 
vehicle with neighborhood collection capabilities (ANV), can reduce working 
distance by 15-20% for this task. To further, a new approach of pure pursuit 
algorithm with increased reduction in tracking errors of an articulated vehicle is 
developed and evaluated. 
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1 Introduction 
This chapter summarizes brief introduction to research topic and its relevance, benchmark studies for 
the thesis, research objective & scope, research motivating questions 

Disrupting agricultural automation is imperative for the solutions to global as well 
local challenges in agricultural production system.  

Until present, application of scientific and technological developments through 
increased mechanization and precision farming have provided several 
opportunities in agricultural production and within forage handling operations. 
Some promising engineering developments in the 20th century with regards to 
forage handling include forage harvesters, balers, and automated wrapping 
equipment of balers using stretch films of 25μm thick to reduce risks of dust, 
molds, spores, mycotoxins respiratory allergenic disorders in livestock and 
humans. Baling machines has made it possible to trade silage (harvest and storage 
of moist grass using fermentation) in portable packages between farms which 
typically weigh 600-800 kg freshly cut per bale and are more popular on smaller 
farms with limited labor and financial resources to construct silos (Muller, 2018; 
Wilkinson and Rinne, 2018) 

Bales made up of hay or silage formed by balers are usually too heavy to be picked 
up by humans alone. Thus, they are picked up from fields using conventional 
utility vehicles such as tractors or loaders operated by a human. These kinds of 
operations are labor intensive and associated with health and accidents risks 
(Pinzke and Lavesson, 2018). There is also a potential to further improve the 
efficiency and environmental impact since most decisions are made by humans 
and thus limited to human capacities in terms of sensing, multitasking, planning, 
consequence analysis etc. Moreover, in distinction to industry 4.0 (Rojko, 2017) 
, new designs of agricultural vehicles are essential requirement for agriculture 4.0  
(Araújo et al., 2021)  

The focus of this thesis is development of an improved autonomous navigation 
system for a articulated vehicle to be tested in agricultural applications. So far, 
there are few research studies on autonomous vehicles for agricultural 
applications. Existing ones typically use relatively small-scale models (Guzmán et 
al., 2019; Nagasaka et al., 2002; Nayl et al., 2018; Rains et al., 2014)whereas full-
scale research studies, implementation and testing of autonomous navigation 
capability particularly for an articulated agricultural vehicle is lacking. There is 
thus a need for development of new agricultural navigation systems to meet the 
current and future challenges. Due to a high risk of accidents (paper A), 
autonomous navigation for handling of haybales/bales is of main concern in this 
thesis. 
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 During scientific literature review, following few benchmark studies as reference 
for this research work are found. Although only few studies have investigated 
autonomous navigation (path planning & following) for bale handling task in 
fields. Nevertheless, there exist few published studies on sequence optimization 
of bales collection operation using traditional vehicles such as wagons or loaders. 
Sequence optimization in these studies was carried out using genetic algorithm 
(GA ) (Gracia et al., 2013)or heuristic-based approach such as K-mean clustering 
and nearest neighbor techniques  (Zamar et al., 2017)  in simulation environment. 
Comparative results from both studies show significant improvements in final 
generated route. However, no other than these research studies were found on 
path optimization of bale collection task and no single study was found on path 
optimization of bale collection task in fields especially with the autonomous 
articulated vehicle with neighborhood pick-up capability. With regards to path 
following (as next step in autonomous navigation after path optimization) of 
articulated vehicles, most related benchmark work was found by (Rains et al., 
2014)on measuring of path tracking accuracy of a small scale articulated-steer 
vehicles using pure pursuit tracking algorithm for various path, speeds and pulses 
control. However, no research study was found on evaluation of PurePursuit 
algorithm for different reference points for path tracking of articulated vehicles.  

1.1 Research Objective & Scope 
To facilitate automation of agricultural vehicles the following objectives and scope 
have been leading the research presented in this thesis: 

1. To derive current challenges and opportunities within 
agriculture in general and particularly for agricultural vehicles. 
2. To develop an efficient plan for autonomous bales collection 
using an articulated research vehicle with neighborhood/radial pickup 
capabilities (AVN) considering typical agricultural environment i.e. 

 Static, known, fully observable, and unstructured   
environment 

o Fully observable i-e without any obtrusion  
o Static i-e. no other moving agent is present except vehicle 

itself 
o Unstructured i-e open uneven terrain with no roads or 

lane markings 
 With & without regular shaped stationary obstacles e.g., 

stones, holes or logs 
 With regular & irregular shaped fields e.g., rectangular or 

L shaped fields 
3. To develop autonomous navigation system for an articulated 
vehicle  
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1.2 Research questions 
Following research questions are constructed based on research objective and 
scope defined earlier. 

RQ1: What are the current general challenges and opportunities within 
agriculture and particularly with agricultural vehicles? 
 
RQ2: How should agricultural vehicles for haybale collection be automated to 
reach sustainability? 

RQ2a:  
 Evaluation of notion of having optimized path for vehicle with 

capability to pick up bales at a radial distance from a target 

RQ2b: 
 Developing autonomous navigation system for articulated vehicles.  

 

1.3 Research contribution  
Main contributions through this thesis are following: 

 Identifying the current social, economic, environmental, and technological 
challenges as well as opportunities for agricultural automation within context of 
Swedish conditions. 
 

 Simulation study of autonomous navigation control system (path planning and 
tracking) of an articulated vehicle with pickup capability at radial distance for 
haybale collection/management task. 
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2. Theoretical framework 
This chapter will look at related historical and present state of art, theoretical framework of thesis, 
relevant benchmark examples and related theoretical foundations, and will also discuss general 
architecture for autonomous navigation. 

 

2.1 Historical review & state-of-the-art 
 

History of agricultural technological development is marked by two major 
developmental processes: Mechanization and Automation. This could be traced 
back to as early as with power farming revolution in the 1880s to with most 
significant developments in 20th century in this area. The blending of sensors 
with mechanical actuation can be found in many agricultural operations such as 
automated growing, vision-guided tractors, product grading systems, planters and 
harvesters, irrigation, and fertilizer applicators. The history of automation for 
agricultural machinery is almost as old as agricultural mechanization (Edan et al., 
2009). An early record of mechanical automated control of a tractor (contain 
drum in the center of field with chain and pully connected with tractor) was 
patented by Andre F. W in 1941. In addition, various traditional 
electromechanical guidance system such as leader cables, dead reckoning etc. were 
researched out by (Andrew, 1941; Brooke, 1972; Hilton and Chestney, 1973). 
Other stakeholders such as agricultural companies as Hart Parr Company (1903), 
Henry Ford & Son Corporation (1917), International Harvester Company (1927), 
Massey Harris (1938), John Deere (1837), CASE IH (1842) etc. have also 
contributed to developments in the history of automation of agricultural 
machinery. Also, in recent era, there have been   quite promising research and 
developments in this field.  Some recent research and developments include 
automated rice transplanter (Nagasaka et al., 2002), automated weed killer   
(Chocron et al., 2007), automated harvesting e.g. saffron flowers from plants. 
(Antonelli, 2011).Full automation of agricultural machinery is still at concept stage 
however several future concepts are presented by various stakeholders. 
(Autonomous Electric Tractor. Future of Farming | John Deere, 2020, CASE IH 
AUTONOMOUS CONCEPT TRACTOR, 2016, The CNH Industrial 
Autonomous Tractor Concept, 2016; The Robotics Institute Carnegie Mellon 
University, n.d.). Few future concept agricultural systems like GreenStar Autotask 
with auto-guidance system by Jon Deere, and Demeter for automated harvesting 
developed by Carnegie Mellon University have been presented.  
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2.2 Theoretical framework of thesis 
 

The theoretical framework of this thesis is based on research questions (RQ1 & 
RQ2) as defined earlier. RQ1 provides the basis for research work in this thesis. 
To address RQ1, study of current state of agriculture and agricultural vehicle 
automation was carried out which led to addressing RQ2. To address the RQ2, 
simulation study of autonomous navigation system for articulated vehicle is carried 
out. Autonomous navigation system includes path planning (RQ2a) and path 
tracking control (RQ2b) as sub systems. Path planning (RQ2a) studied in this 
thesis is cross domains study that has overlapping with other wider research 
domains such as robotic motion planning, combinatorial optimization and 
agricultural path planning. Path tracking control (RQ2b) is also cross domain 
study which includes kinematic modeling and control system theory. The 
overlapping between the different research domains and connection to research 
questions (RQs) are shown in Figure 1. 

Agricultural vehicles automation (RQ1)

Autonomous navigation for Articulated vehicles 
(RQ2)

Combinatorial
Optimization Robotic motion 

planning

Agricultural 
path planning

Control 
theory

Kinematic 
Modeling

RQ2a

RQ2b

 
Figure 1: Theoretical framework of thesis 

Overview of various research domains and their utilization in this research work 
is discussed further. 
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2.2.1 Autonomous Navigation Architecture 
 

Autonomous navigation is a highly complex task. It is generally solved as 
hierarchical planning as in autonomous driving of vehicles such as cars. 
Hierarchical planning breaks navigation task into hierarchy of optimization 
problem with specific level of abstraction. Higher in hierarchy mean more 
abstractions.  

Figure below show a hierarchical planning breakdown with 4 abstraction levels 
(from left (highest) to right (lowest)) for autonomous navigation in general.  

Mission 
planer

/Global 
planner

(1)

Behavioral 
planner

/Scenarios/
rules/safety 

etc.

(2)

Velocity 
Control

(4)

Velocity 
profile 

generator

Dynamic 
path 

planning

Local Planner

(3)

Highest 
abstraction level

Lowest 
abstraction level

 
Figure 2:Hierarchical planning for motion planning 

 

In relation to automation of agricultural machinery, autonomous navigation is 
essential requirement. For many agricultural operations, an operator is required 
to perform two basic functions simultaneously: steering the vehicle and operating 
the equipment. The need to relieve the operator of continuously making steering 
adjustments has been the main reason for the development of automatic guidance 
or navigation systems (Edan et al., 2009) .  

An architecture of autonomous navigation system developed as part of research 
work in this thesis is shown in Figure 3 below. It shows different abstraction levels 
of hierarchical planning for different modules within navigation system.  
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Also, it elaborates the hardware and software dependences and signal flow among 
different modules. 

Path Planner/
Mission  Planner

(Global waypoints)
(1)

Tracking /
Navigation 
controller

(3)

Steering 
Controller

(4)

Position 
Sensor

Steering 
Sensor

Steering 
Actuator

Path 
Smoothening

(2)

Navigation 

D
es

ire
d 

ste
er

in
g 

an
gl

e

M
ea

su
re

d 
ste

er
in

g 
an

gl
e

M
ea

su
re

d 
w

ay
po

in
ts

H
ardw

are

 
Figure 3: Architecture for autonomous navigation developed in this thesis 

 
 
 

2.2.2 Overview of Combinatorial Optimization methods 
 

CETSP-optimization 
The notion of having capability to pick up bales at a radial distance from a 
target(RQ2a) can be formulated mathematically as Close Enough Traveling 
Salesman Problem (CETSP) as defined and established first by  (Gulczynski et al., 
2006).This is a variant of the well-known traveling salesman problem (TSP) in 
domain of combinatorial optimization. CETSP specifies that a tsp tour must touch 
disc of radius r around each node of tsp at least once. (Jan Faigl, 2018) In literature, 
TSP/CETSP formulation has been used to define multi goal/target planning 
(MTP), data collection planning, meter reading problem, etc. CETSP is a non-
deterministic polynomial time hard (NP-hard) combinatorial problem, and it is 
computationally hard too. Some recent solutions for CETSP have been proposed 
based on discrete gravitation search algorithm and self-organizing maps 
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(Antonescu and Bira, 2019; J. Faigl, 2018). There are several optimization 
techniques explored by various researchers and thorough overview of several 
optimization methods has been summarized by  (Filip et al., 2020). In general, 
optimization techniques can be categorized into four groups as shown in Figure 
4.  A brief preview over various optimization techniques for four general 
categories is also shown in Figure 4.  
 

 Genetic Algorithim
 Evolutionay programming(EP)
 Muti-objective Evolutionay 

Progarmming (Moeas)
 etc

 Particle Swarm(PSO)
 Fire-Fly(FA)
 Intelligent waterdrop(IWD)
 Ant colony(ACO)
 Cucco search(CS)
 Artificial Bee Colony(ABC)
 etc

 Simulated Annealing (SA)
 Gravitational Search (GSA)
 Blackhole Algorithm (BHA)
 Glaxy-based Seacrh (GbSA)
 etc

 Tabu Seacrh (TS)
 Group Seacrh (GS)
 Social-based algorthim(SBA)
 Teaching Learning based optimization 

(TLBO)
 Big Bang Cruncg (BBBC)
 Inferior search (IS)
 etc

Swarm based 
algorithms

Evolutionary 
Algorithms

Physics-based 
Algorithms

Human/Socially 
inspired Algorithms

 
Figure 4: Overview of optimization techniques 

 
  In this thesis, for RQ2a, nested genetic algorithm was used to solve the CETSP for haybales 
pickup path planning. Details are given in paper B. 

 

2.2.3 Overview of Genetic algorithm 
Genetic algorithm (GA) is one of most prominent and widely used population-
based search optimization technique among class of evolutionary algorithms. It is 
based on principle of natural evolution, which were first developed into an 
algorithm to solve optimization problem by John Holland from the University of 
Michigan in 1975. Since then, genetic algorithm has evolved as powerful tool to 
solve several difficult search optimization problems  (Sivanandam and Deepa, 
2008) 
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2.2.3.1 Genetic algorithm Structural flow 
The metaphor to explain genetic algorithms here is taken from terminologies from genetics such as 
Chromosomes, genes etc. Chromosomes represents solutions and genes represents positional values in 
each chromosome. A population is collection of chromosomes. 
 
Figure below represents a general procedural flow of a genetic algorithm. Circles 
represents key processes and line with arrows among represents operation 
involved or outcome. e.g initial population involves a process that generates new 
population for fitness evaluation. Each circle and their underlying operations are 
discussed below   

Generational replacemet{1}
Steady state repalcement{2}

Initial 
population

Fitness 
Evulation

Recombination

New population{1}

New population{2}

initial population

{1}

{2}

 
Figure 5: Genetic Algorithm structural flow 

 

 Initial Population: Initial population and population size are two 
important parameters. Often initial population generated by some 
random function, or it may could include known initial guess as part of 
mainly randomly generated initial population. 

 Fitness evaluation: Fitness value is assigned to each member of 
population calculated by fitness function defined for specific objective for 
optimization. Fitness value is measure of goodness for member. 

 Selection: Selection is process of choosing chromosomes from 
population for crossover or recombination based on fitness value. This 
selection is based on Darwin’s principle of survival of the fittest. Higher 
the fitness value, more chances to be selected. There exist several 
selection methods such as Random selection, Rank selection, 
Tournament selection etc. Selection needs to be balanced. Too strong 
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selection means too many highly fit but suboptimal chromosomes in 
population, too weak selection means too slow evolution. 

 Recombination: New offspring chromosomes are produce generally 
using two reproductive operators i-e Crossover (Recombination) and 
Mutation. There can be defined other operators such as inversion but 
very often it is used. 

 Crossover: During crossover, two chromosomes are selected as parents 
and their position values are swapped, producing new chromosomes as 
offspring. There are various types of crossovers available such as single 
point, two-point crossover, uniform crossover, PXM etc. Crossovers 
helps to exploit current solution. 

 Mutation: During mutation operation, chromosomes position is 
modified either by flipping, interchanging, or reversing. Mutation is 
essential to recover lost information, introducing new information and 
preventing from local minima. Mutation helps for exploration of whole 
search space. 
Crossover ratio and mutation ratio are two of GA parameters to determine the rate 
of two operations. 

 Replacement: Replacement is process of producing new population 
usually done in two ways i-e either all the old population is replaced by 
new population in next generation at each time step (generation update) 
or only new offspring chromosomes of selected parent’s chromosomes 
replaces members in existing population at each time step (steady state 
update) 

2.2.3.2 Convergence criteria for GAs 
Convergence or stopping criteria can be determined by reaching maximum 
number of generations, max time, no change in fitness under tolerance, stall 
generation, and stall limit time. There are however other methods to 
terminate search.   

2.2.3.3 Key features of GA 
 Stochastic algorithm-   
 Advantage of keeping more than a single solution over iterations 
 Robust 
 Parallelization 
 No special requirements for problem-Applicable for wide range of 

problem 
 Worth trying when nothing else works 
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2.2.3.4 Limitations 
 Not guaranteed to find optimal solution but acceptably good 

solution 
 Extremely general 
 No guarantee to convergence to optimal solution within fixed 

time 
 

 

2.2.4 Overview of Motion planning methods 
There are long and extensive research foundations for motion planning or path 
planning methods in field of robotics. It started as early as in 1960 and such 
methods are still being developed and utilized in different complex applications. 
Generally, path planning approaches are arranged into two main categories. 
Global path planning and Local path planning. Global path planning also known 
as deliberative planning and is characterized by static environment, known 
global prior information. Local path planning also named as reactive planning or 
online planning based on data from sensors during robotic movement. An 
overview of historical developments of some popular methods is shown below:  

 

60-80 90s- 2000s ongoing

Task based planningLocal PlanningGlobal Planning

Shaky Robot,(60s)
Nillson @ standford

Robot Motion Planning(1991) 
by J.C latomb

Principle of Motion Planning(2005)
by Howie Choset at el.

Veronoi Diagram

Intelligent/machine Learning 
Approaches 

Road Map 
Approaches

Cell 
decomposition 

Approaches

Sampling Based 
Methods 

Visibility Graph

Sillhouette Method

Exact cell 
decomposition

Evolutionay algorithims

Reinforcement Learning

Path search methods: A*, D*, LPA,etc

Approximate cell  
decomposition

Navigation Potential 

Function

Potential Field 
Methods 

Grid Potential 

PRM

RRTs

Hybrid methods

Neural Networks
Deep Learning

 
Figure 6: Overview of motion planning techniques 

 
A comprehensive study of motion planning research and techniques can be found 
in works of J.C Latombe and Howie Choset (1990-2005). Here, several 
interesting research studies were made on the topic of motion planning for 
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autonomous vehicles such as industrial transportations, cars, utility vehicles like 
heavy duty machine in agriculture, forestry, aerial vehicles and underwater 
autonomous vehicles. Some review studies thoroughly discussed about challenges 
and opportunities (Anavatti et al., 2015) ,strength and weakness (Ayawli et al., 
2018)  of such methods for task-based motion planning.  Most of these approaches 
lack real time implementation and testing of their efficiency under realistic 
conditions. Both review studies identify and classify some popular available 
techniques. In this thesis, in relation to RQ2a, probabilistic roadmaps (PRM) with modifications 
were utilized. Details can be found in paper B.  

2.2.4.1 Probabilistic Road Map (PRM) 
Most combinatorial Motion planning problems often utilizes roadmaps (LaValle, 
2006) for discretization of free space normally denoted as C-space in robotics. 
This can also e.g. be done by generating a probabilistic map of possible collision 
free path in static environment considering holonomic constrained robot/vehicle. 
The PRM algorithm generally takes two input parameters: number of randomly 
generated nodes and connection distance. The probabilistic map is designed by 
iteratively generating random nodes and connecting them with using some fast 
motion planner. In this case A* connects the randomly generated configuration 
if they are collision free using collision checking algorithm. This roadmap is stored 
as an undirected graph R, whose nodes are configurations and collision free path 
computed by motion planner are edges of R. Detail discussion about how PRM 
works can be found in works of  (Kavraki et al., 1996).An example PRM is shown 
in Figure 7.  

 
Figure 7: General description of PRM 

 
The quality of generated graph depends on total number of random nodes and 
the maximum connection distance specified as input. A dense PRM generates 
smoother paths but at higher computational cost. 
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2.2.5 Overview of Agricultural Path Planning   
Path planning in the field of agricultural automation is widely researched out due 
to environmental complexity and specificity of tasks. Equipping agricultural 
machines with intelligent software is crucial to deal with challenges of complex 
unstructured environment and tasks. According to  (Luis C. Santos et al., 2020), 
the agricultural path planning can be broadly categorized into two main groups: 
 
1. Coverage path planning 
Agricultural operations, such as tillage, planting, spraying, and harvesting, require 
the vehicle to travel the entire field with parallel paths at a fixed spacing equaling 
the implement width. Planning such paths is called coverage path planning. the 
objective is to find a path that visits all points in each region by avoiding the 
obstacles present in the environment. (Kalaivanan and Kalpana, 2017) 
2. Point-to-point (P2P) path planning  
Agricultural operations like navigation in vineyard, multipoint measurements in 
potato cultivation (Mai et al., 2019a), data collection or similar application, require 
to determined collision free path from a single or multiple starting point to single 
or multiple destination point while optimizing the parameter like time, distance 
or energy. Planning such path is called point to point path planning. 
Figure 8 summarizes the overview of the research application and methods within 
domain of agricultural path planning. 
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Figure 8: Overview of path planning in agriculture based on 

Coverage path planning: 
Sowing (Blender et al., 2016; Oksanen and Visala, 2009) Ploughing (Hameed et al., 2013)  

Harvesting (Ohi et al., 2018; Rahman et al., 2019), Pollination  (Ohi et al., 2018) 
Point-to-point path planning: 

Data collection (Mai et al., 2019b) , Surveying/monitoring (Popović et al., 2020), 
Fruit Picking (Baur, 2014)  , Weed removal (Guzmán et al., 2019), Navigation(Bakker et 

al., 2011) 
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Literature review highlighted several interesting research works in this area. A coverage 
approach was developed and tested which showed 100% coverage regardless of 
topographical nature of field surface (Hameed, 2014). In another study, a navigation 
system for Sowing operation was tested in real field experiment for accuracy and 
performance (Oksanen and Visala, 2009) .In literature review by  (L. C. Santos et al., 
2020) ,it was observed that coverage path planning is more researched than point to point 
path planning. Some popular methods used for Point-to-point path planning in 
agriculture applications are A*, RRT, GA, PSO ,ACO , neural networks and other 
hybrid approaches (Fernandes et al., 2015; Goto et al., 2003) . In comparative research 
study between ACO and GA for tour planning of Seedling transplanter in Greenhouse 
environment showed that ACO to perform  better for this application (Jiang et al., 2015). 
Another research  has optimized the infield tour in order to reduce soil compaction caused 
by heavy machinery (Edwards et al., 2017). Also, ACO was utilized for path planning in 
potato ridge farmland for muti point monitoring (Mai et al., 2019b). One research 
employed a hierarchical approach based on GA and nonlinear programming for multi 
quadcopters mission and path planning for precise spraying application. (Du, 2017) 
.Weed-removal system based on artificial vision and movement planning by A* and RRT 
techniques have further been proposed by  (Guzmán et al., 2019) .An informative path 
planning framework for UAV-based terrain monitoring have been proposed by (Popović 
et al., 2020). A flower pollination system utilizing image processing for detection and the 
Open Motion Planning Library (OMPL) experimentally was analyzed for point-to-point 
planning. (Strader et al., 2019) 
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3. Methodology 
This chapter will summarize research methodology, research quality assessment, methods and tool 
used, and approaches developed in relation to each research paper. 

 

Overall, the research outlook of this thesis is of both quantitative and qualitative 
nature and to large extent utilizes experimental approach(Creswell, 2009). Under 
experimental approaches, in paper A, survey (that is both quantitative and 
qualitative) and in paper (B, C), quasi-experimental design (modeling & 
simulation) was followed.  

3.1 Triangulation  
Triangulation was applied as strategy for research validity for the research question 
defined in chapter 1. Triangulation refers to the use of multiple methods or data 
sources in qualitative research to develop a comprehensive understanding of 
phenomena (Patton, 1999). Data source triangulation is one strategy mainly 
employed to test validity through convergence of information from different 
sources (Carter et al., 2014). Data was collected from following data sources:  

3.2 Data sources 
 Literature review 

Literature review has been fundamental source of knowledge 
gathering for all of the research papers A,B,C. Research 
databases such a Scopus, Web of  Science(WoS) , Google scholar, 
IEEE-Xplore were examined and Scopus was chosen as main 
database . Relevant research was identified through search 
filtration process in Scopus. As starting point, a search string 
containing search operators such as “OR” and “AND” and 
relevant keywords and their possible synonyms was repeatedly 
refined and scanned during each iteration for relevant literature 
that was saved in lists/folders. The search string was used to 
searched through “keywords, abstract and title”. This was 
particularly systematized in paper A. Moreover, filtered 
literature was further explored using “snowballing” search 
technique for maximum inclusion of relevant research. 

 Online Survey 
In baseline research paper A, focused group was invited for 
survey participation through emails. A survey was developed 
based on set of controlled questions devloped from literature 
findings, and experts discussions. To ensure unbiasedness, 
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participants were further provided with opportunity to free text 
option.   

 Simulation 
Simulation was used as another method in quasi-experimental 
settings. Two approaches were built. Each of them was evaluated 
for two different scenarios for different conditions in paper B. 
Similar evaluation was also done in paper C 
 

3.3 Data analysis and interpretations 
Applying the triangulation strategy, data analysis was carried out for the 
information collected through various sources by following means: 

 “Tabular arrangements and graphical representations” were used  
to show outcome of all of data sources (papers: A, B,C) 

 Statistical measure such as “mean and standard deviations” were 
used as evaluation parameter (papers: A, B, C) 

Utilization of above analysis methods however varies for each paper. For paper 
A, findings of literature review were summarized in tabular form along with 
results from online survey which were represented both in tabular and graphical 
form (bar graphs). For paper B, results are shown in both tabular and graphical 
form (bar graphs). Also, for paper C, results are shown in tabular and graphical 
form (box plots and schematics) 

3.4 Research quality assessment 
Research quality can be assessed by a set of criteria established by Yvonne Lincoln 
and Egon Guba in 1985 for both qualitative and quantitative approaches. This 
mainly includes credibility, transferability, dependability, and conformability as 
measure of internal or external validity, reliability and objectivity. Authenticity 
and reflexivity (Lincoln, 2007; Olmos-Vega et al., 2022) are other measures 
which mostly applied for purely qualitative research. 

1. Credibility 
Credibility is parallel to “trustworthiness” or internal validity and several 
strategies have been proposed by researcher to enhance credibility such as 
triangulation and peer reviewing( (Shenton, 2004). To ensure trustworthiness 
for this research work, standardize and well-established research databases (as 
Scopus, Web of Science and Google Scholar) were used, and a systematic and 
rigorous literature review was carried out to accumulate census of the related 
work. This helped to explore the research problem, finding research gaps, 
and setting the scope of research work. Credibility of research work is also 
ensured by thorough investigation of publications in terms of citation score 
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and relevance, journals credibility and keeping record of search history. 
Snowball search was also used for maximum inclusion of relevant work. 
However, due to inherent stochasticity of search engines, there still exist a 
probability that some works were accidentally omitted. Another way the 
credibility is ensured by logical connectivity of each publication. For example, 
in paper A findings of literature review were verified from survey of focused 
group and motivation for research problem in paper B is based on findings 
of paper A. Similarly, paper C is next logical course of action for paper B. 
For paper C, credibility is ensued by rigorous testing of model and algorithm 
for the known outcome so the accurate behavior can be ensured. As an 
example, accuracy of the kinematic model was evaluated through tests on 
scenarios with pre-known outcome or by comparing the computed results 
with manual calculation at random steps.  

2. Transferability 
Transferability is parallel to ‘external validity’ or generalization of research 
outcome. Results of research presented in this thesis are applicable to similar 
cases. Opportunities and challenges within agriculture and agricultural 
vehicles found in paper A has some degree of generalizability, but its overall 
scope is limited (due to data availability) to Swedish context. Outcome of 
paper B on other hand has wider applicability such as aerial navigation, data 
collection, monitoring, etc.  paper C has also limited transferability since the 
navigation control studied in the paper is specific to utility vehicles with 
articulated-steering. However, it can pose high transferability due to its 
simplicity for wide range of platforms with modifications. 
 

3. Dependability 
Dependability is parallel to ‘reliability or replicability’ and rather challenging 
process of ensuring research process to be logical, traceable and documented. 
This has been ensured in this research work through keeping record of 
problems and solution development, taking notes, pictures and videos, 
keeping track of changes and saving history of versions of writings and codes, 
team meetings and discussions.   (paper A, paper B, paper C). 
 

4. Conformability 
Conformability is parallel to ‘objectivity’ of research. One way to establish 
confirmability is thorough auditing for accuracy and relevance. 
Conformability is ensured in paper A through triangulation, in paper B 
from outcome of paper A, and paper C in choices of simulation parameters. 
Confirmability is also ensured by peer reviewing. 
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3.5 Thesis formulation 

Path 
Smootening

Full-Scale 
field test?

Capacity 
Constarint 

(CC)

Optimized Path Planning

Heuristic  approach
(NN)

Pure Pursuit 
controller

2D- pickup 
waypoints 
generation

Autonmous 
Navigation for 

haybale collection

Paper A

Challenges & Opportunitets

 Haybales Position 
estimation 

BOM of agricutural 
fields

Optimization (CETSP)
(GA) 

Obsatcle avoidance 
(PRM)

Paper B Paper C Paper D...

Google Earth images

Global 
Waypoints

 Path tracking control

Autonomous Navigation

 
Figure 9: Thesis formulation 

Figure 9, summarize the research process with methodological details of research 
process. It begins with baseline study in paper A titled as “challenges and 
opportunities with automation of agricultural vehicles in Sweden”. This study 
was carried out using qualitative research tools such as online survey, extensive 
literature review and experts’ discussions. An online questionnaire was developed 
based on literature review findings and expert discussions and survey was 
conducted. Standard deviations and means were used as statistical measure for 
results analysis. It was found that risk of accidents regarding agricultural vehicle is considered 
second highest after various cost related issues whereas. Whereas haybales management is 
seen as second most potential operation to get benefited from automation following various 
pre-harvesting infield operations such as seedlings, weed control etc. Thus, automation of 
haybales management tasks was decided as representative research application 
case. Since automation of bales management requires efficient autonomous path 
planning as prerequisite. This led to paper B titled as “Bale collection path-
planning using an autonomous vehicle with neighborhood collection 
capabilities”. In this work traditional/farmers and optimize path planning 
approaches for traditional vehicles and a new concept agricultural vehicle was 
studied in simulated field environments of varying complexity. As way forward 
paper C titled as ’’ Evaluation of navigational accuracy for different reference 
point in Pure-Pursuit path following algorithm for center-steered articulated 
vehicle’’ then is based on development of navigation controller for articulated 
vehicle. 
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3.6 Research platform “AVN”  
Autonomous navigation was developed for the research platform shown below.  

 
Figure 10: Articulated vehicle with neighborhood pickup capabilities (AVN) 

 

It is abbreviated as “AVN” in this thesis for “articulated vehicle with 
neighborhood pickup capabilities”. AVN is one of its kind of platform with 
articulated steering joint, 10 meters long extendable crane and non-steering 
wheels. Steering action is performed through rotation of the vehicle front and 
rear bodies around an articulated joint in-between.  These kinematic features 
were modeled for study of path planning of haybale pickup operations and 
development of path tracker in paper B and C. 

 

3.7 Methods and tools 
Following methods and tools have been utilized in the research workflow (Figure 
9): 

 Research Platform 
 EvaSys software tool 
 MATLAB© & Simulink© 
 Binary occupancy maps  
 Genetic algorithm (GA) 
 Nearest neighbor algorithm (NN) 
 Probabilistic roadmaps (PRM) 
 PID 
 Kinematic Modeling 
 Pure Pursuit tracking algorithm 



3-22 
 

 
EvaSys software tool was used as online survey tool and MATLAB© for graphical 
representation of results in paper A. MATLAB© was also main tool of 
implementation and analysis for paper B. It was also main tool of analysis of the 
results and MATLAB Simulink© for implementation in paper C.  

For paper B, two typical static agricultural field environments were model with 
known obstacles or no-go area. To avoid obstacles, a modified PRM was 
incorporated for path finding in case of collision. In modified PRM for the 
application in this thesis, the discrete pickup positions were added as fix nodes 
along with randomly generated nodes during discretization of free space to 
generate map. 

Modified PRM included the pickup nodes as fix nodes in network as shown in 
figure below: 

 
Figure 11:Modified PRM 

 

Farmers path planning approach and optimized path planning approach were 
designed and simulated for traditional vehicles like tractors or wheel loader and 
for a new autonomous concept vehicle with radial pickup capability (AVN). 
Farmer’s approach was approximate by assumption that farmers usually choose 
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next nearest visible haybale in direct vision from their current position during 
picking up operations. And if a machine has radial pickup capability, closest 
pickup point at radial distance around visible haybale will be chosen. 
Optimization approach for haybales pickup task was used two in folded manner 
with single objective to minimize path length. It is based on idea to find optimal 
sequence and collection point with single objective to reduce working path 
length. Details can be found in paper B. 

Autonomous navigation further requires a path tracking control system. This led 
to development and evaluation of a path tracking controller for articulated vehicle 
(AVN). A simplified kinematic model (Eq.1) of ANV (see Figure 10)was 
developed. Subsequently, virtual-midpoint kinematic was derived as shown in 
Figure 12. In this model, L1 and L2 represents length of vehicles front part and 
rear part from articulated joint A respectively and are equal in length in this case 
i.e. L1=L2=L. Position and direction of rear part is represented by vector R at 
midpoint of rear-axle, and position and direction of front part is represented by F 
at midpoint of front axle. Steering angle is represented by 𝛾𝛾. The steering action 
is performed by rotating the front and rear parts of the vehicle around the 
articulated joint A. 

 
Figure 12:Model of the articulated vehicle based on [Thaker Nayl,2005] 
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In state space, this model can be expressed kinematically as 
 

�
𝑋𝑋�
𝑌𝑌�
𝜃𝜃�
𝛾𝛾�
� �

⎣
⎢⎢
⎢
⎡ cos𝜃𝜃                                             0
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L1cos 𝛾𝛾 � L2                              𝐿𝐿�

L1 cos 𝛾𝛾 � L2
 0                                             1       

  

                       ⎦
⎥⎥
⎥
⎤
 

Equation 1: State-space kinematic model of articulated vehicle 

PurePursuit algorithms based on both conventional front-axle midpoint reference 
for articulated vehicle (Figure 13) and a new a virtual midpoint reference (Figure 
14) were developed and evaluated in simulation in paper C.   

 
Figure 13:Pure Pursuit geometric representation for articulated vehicle with front reference midpoint 

(F) 
 

From the geometry shown in Figure 13 above, the relationship  

� � tan�� 2𝐿𝐿 sin𝛼𝛼
𝑙𝑙�  �2� 
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can be derived for the conventional reference point. Thus, for a chosen look-
ahead point a wanted steering angle � � 2𝛽𝛽 can be calculated which is then used 
to control the kinematic model.  

 

 
Figure 14:Pure Pursuit geometric representation for articulated vehicle with virtual midpoint 

heading (M) 
 

From the geometry shown in Figure 14 above, the relationship  

2� 𝑐𝑐���𝛼𝛼�
𝑙𝑙� � ����𝛽𝛽�

𝑐𝑐𝑐𝑐𝑐𝑐�𝛽𝛽� 
�3� 

 
 
can be derived for the new reference point. To find wanted steering angle � �
2𝛽𝛽 a look up table was used for different angles 𝛼𝛼. 
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4. Results 
This chapter will summarize key findings from each research paper. 

 

Following the thesis formulation in Figure 9 in chapter 3, some key results from 
paper A are shown in Figure 15 & 16 below.  In both figures, y-axis represents 
predefined categories on a 4-graded scale given by “No Issue=1”, “small 
Issue=2”, “Some Issue=3” and “Big Issue=4” and white bars indicate the 
response average and black bars indicates the standard deviation. In Figure 15, x-
axis represents the general challenges with agricultural vehicles and auxiliaries. 
Figure 15 shows key insights about general challenges of various costs and about 
risk of accidents with agricultural vehicles. It shows that risk of accidents is second 
highest after different cost related challenges  

 
Figure 15:Challenges with Agricultural vehicles 

 

In addition, Figure 16 shows how automation within agriculture is 
perceived in general. In Figure 16, x-axis represents the list of various 
agricultural operation that could benefit with automation. It shows 
automation of agricultural vehicles is perceived to have capability to 
benefit various agricultural field operations. This perception is quite high 
for horticultural operation which already implies ICT relatively more. 
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However, forage handling e.g. big bales management has also been 
foreseen to have more benefits with agricultural vehicle automation. The 
results shown in Figure 16 contributed to the choice of a representative 
case study i.e. haybale management, to which an autonomous solution, 
potentially solving one or many aspects of agricultural sustainability, 
would be developed. 

 
Figure 16:Agriculture operations foreseen as benefited with Automation 

 

Path planning approaches for haybale collection based on farmers 
approach (nearest neighbor approach) and optimize approach for bale 
collection field operation were then evaluated (paper B) considering 
traditional vehicles like tractors, wheel loaders and new concept 
autonomous vehicle (AVN) with capability to pick up bales at a radial 
distance for fields of different complexities. Figure 17 shows an example 
of the best optimized planned path for a case study from paper B. 
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Figure 17: Optimized planned path (Best optimization) for complex field 2 

 

In Figure 18 (L & R), Benchmark represent the path planning (farmers 
approach) with traditional vehicles like tractor and loaders. NNR 
represents the path planning (farmers approach) with new articulated 
vehicle with neighborhood pickup capability (AVN). Best optimization 
represents optimized path planning using AVN and CC represent bales 
carrying capacity of the AVN. Simple Field(L) and Complex Field (R) 
represents the simple rectangular and irregular shaped fields without 
obstacles and with obstacles respectively. 

Black bars represent percentage reduction in working distance for NNR 
over Benchmark while white bar with solid line borders represents 
percentage reduction in working distance for Best optimization over 
benchmark. White bar with dashed dotted border represents percentage 
reduction in working distance for Best optimization over NNR. 

 

Results show that the optimization approach reduce the travelled distance 
compared to the nearest neighbor approach (Benchmark& NNR). 
Compared to the benchmark this reduction is about 20-30% for simple 
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field and 15-25% for complex and compared to NNR, this reduction is 
around 10-20% for simple and around 5-10% for complex field 
(depending on vehicle carrying capacity). Furthermore, path planning 
approaches were also evaluated for different carrying capacities of vehicles 
for fields of different complexity (see Figure 18). It was found that adding 
carrying capacity significantly reduces the traveling distance for haybale 
collection operations.  

 
Figure 18: Reduction in working distance for haybales path planning approaches based on 

vehicle’s carrying capacity for simple(L) & complex field(R) 
 

To autonomously follow a planned path, a tracking controller is needed. 
Particular kinematics of articulated vehicles e.g. change of heading when 
steering, may lead to unstable and inaccurate tracking behavior. For that 
reason, a new PurePursuit algorithm tracking controller for articulated 
vehicle was developed.  This was then compared to a conventional 
PurePursuit algorithm for paths of different complexities (continuous 
curvature & sharp turns) by means of lateral- and heading error (Figure 
19 & 20) in simulated experiments (paper C.) The red solid line in 
boxplot represents median value of convergence error and blue box 
shows 25 and 75 percentiles (lower and upper blue box lines resp.) of 
error values. Upper and lower black dash-lines also known as whisker 
represent lowest and highest converged error values. Figure 19 shows that 
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the PurePursuit algorithm with virtual-midpoint reference results larger 
reduction in lateral error for triangular path compared to front axle 
midpoint reference.  

 
Figure 19: Comparison of lateral error for two variants of PurePursuit for   

Circular(U) and traingular path(L) 
 

Figure 20 shows that the PurePursuit algorithm with virtual-midpoint 
reference results larger reduction in heading error for circular path 
compared to front axle midpoint reference. 

 
Figure 20:Comparison of heading error for two variants of PurePursuit 

 for Circular(U) and triangular path(L) 
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5. Discussion and Conclusion 
This chapter will discuss the outcome of research work in relation to thesis objective & Scope, and 
research questions RQs. Finally main conclusion will be drawn. 

 

5.1 In relation to thesis Objective & scope 
Following are three main objectives with their scope (defined in Chapter 1 
earlier): 
 

1. To understand current challenges and opportunities within agriculture 
and with agricultural vehicles in general 
------------------------------------------------------------------------ 
This work brings up some valuable insight with regards to the current 
challenges and opportunities with agricultural vehicle automation 
particularly in Sweden. This work shows that automation of agricultural 
vehicles might contribute to solve key challenges related to three 
dimensions of sustainability (social, economic, & ecological). 
 
2. To develop a point-to-point agricultural path planning for 
autonomous bales collection task for an articulated research vehicle with 
neighborhood/radial pickup capabilities (AVN) minimizing the travelled 
distance considering typical agricultural environment i.e. 

 Static, known, fully observable, and unstructured   environment 
o Fully observable i-e without any obtrusion  
o Static i-e. no other moving agent is present except vehicle itself 
o Unstructured i-e open uneven terrain with no roads or lane markings 

 With & without regular shaped stationary obstacles e.g., stones, holes or logs 
 With regular & irregular shaped fields e.g., rectangular or L shaped fields 

------------------------------------------------------------------------ 
As a case study of haybale collection task in typical simulated agricultural 
field environment shows that by using new design of autonomous 
vehicles with neighborhood pickup capability and with optimized path 
planning can significantly reduce working distance hence fuel cost, 
human labor, and has potential to increase productivity. 
 
3. To develop autonomous navigation system for an articulated vehicle  
------------------------------------------------------------------------ 
Further, using better autonomous navigation control system for 
articulated utility vehicles (as the one studied in this thesis) can 
significantly reduce the real-time errors. 
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5.2 In relation to Research questions (RQs) 
 

RQ1: What are the current general challenges and opportunities within 
agriculture and particularly with agricultural vehicles? 
 
This thesis gives an overview of the current state agricultural vehicle automation. 
This highlights the number of social, economic, and ecological issues with 
agricultural vehicles such a profitability, operability, high cost and health related 
issues. It is identified that risk of accidents is high with agricultural vehicles and 
operations. Soil compaction and environmental impact is also highlighted. It is 
also found that automation is foreseen as having potential to solve challenges with 
agricultural vehicles. 
 
RQ2: How should agricultural vehicles for haybale collection be 
automated to reach sustainability? 
An autonomous vehicle with neighborhood pickup capabilities for haybales 
collection operation in agricultural fields have been studied.  By evaluating a test 
scenario in simulation environment for a typical agricultural field with haybales, 
it shows that an autonomous vehicle with neighborhood pickup capability and 
with optimized path planning approach could significantly decrease the working 
distance as compared to conventional vehicles such as the tractor or loader with 
heuristic(farmers) approach. In addition, incorporating better vehicle navigation 
control for autonomous vehicle could lead to further reduction in real-use errors 
(lateral and heading deviations).  The reduction in working distance, relieving 
human driver from the working vehicles, and reducing real-use navigation 
control errors can lead to reach sustainability in terms of better profitability, better 
work environment, better safety and less environmental impact. 
 

5.3 Thesis Conclusion 
This thesis endorses the notion of using new design of autonomous vehicle with 
neighborhood pickup capability for haybales collection task that is also equipped 
with better autonomous navigation capability. It has been shown that this type of 
vehicle has the potential to meet important challenges in agricultural sustainability 
for the haybale collection tasks in particular and for similar applications (in 
forestry, construction work, agriculture etc.). 

5.4 Future work 
As future work, a full-scale demonstration of improved autonomous navigation 
for new design of articulated vehicle for haybales pickup operation will be carried 
out. The outcome of real-time tests will then be evaluated with respect to the 
outcome of simulations results shown in this thesis. 
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